ABSTR AC T Background and study aims Linked color imaging (LCI)
and blue laser imaging (BLI) are novel image-enhanced endoscopy technologies with strong, unique color enhancement. We investigated the efficacy of LCI and BLIbright compared to conventional white light imaging (WLI) by measuring the color difference between early gastric cancer lesions and the surrounding mucosa.
Patients and methods Images of early gastric cancer scheduled for endoscopic submucosal dissection were captured by LCI, BLI-bright, and WLI under the same conditions. Color values of the lesion and surrounding mucosa were defined as the average of the color value in each region of interest. Color differences between the lesion and surrounding mucosa (ΔE) were examined in each mode. The color value was assessed using the CIE L*a*b* color space (CIE: Commission Internationale d'Eclairage).
Results We collected images of 43 lesions from 42 patients. Average ΔE values with LCI, BLI-bright, and WLI were 11.02, 5.04, and 5.99, respectively. The ΔE was significantly higher with LCI than with WLI (P < 0.001). Limited to cases of small ΔE with WLI, the ΔE was approximately 3 times higher with LCI than with WLI (7.18 vs. 2.25). The ΔE with LCI was larger when the surrounding mucosa had severe intestinal metaplasia (P = 0.04). The average color value of a lesion and the surrounding mucosa differed. This value did not have a sufficient cut-off point between the lesion and surrounding mucosa to distinguish them, even with LCI.
Conclusion LCI had a larger ΔE than WLI. It may allow easy recognition and early detection of gastric cancer, even for inexperienced endoscopists.
Several reports have demonstrated the efficacy of equipment-based image-enhanced endoscopy (IEE) for diagnosing and detecting early gastrointestinal cancer [8 -10] . Its superiority results from the enhancement of the lesion color and ability to demarcate the lesion and surrounding mucosa. The efficacy of magnified endoscopy with IEE for the diagnosis of early gastric cancer has been widely reported [11 -14] . There have been reports of the advantages of IEE without magnification, but these were a pilot study and a small sample group [15, 16] . The efficacy of IEE without magnification for the detection of early gastric cancer is still controversial. This lack of information is possibly because of the subtle color difference between gastric cancer lesions and the surrounding mucosa, even with IEE.
Linked color imaging (LCI) and blue laser imaging (BLI) are novel IEE technologies developed by Fujifilm Corporation (Tokyo, Japan). These endoscopic technologies use narrowband short wavelength light. Blue and green color information and red color information are separately corrected. BLI uses blue and green color information to produce red color-enhanced images, as in narrowband imaging (NBI). LCI uses the information of all three colors. Unlike conventional white light imaging (WLI), the captured image is output with color enhancement in its own color range (e. g., red is changed to vivid red and white to clear white) by unique image processing [17 -21] .
We speculated that this novel IEE system could produce a larger color difference between an early gastric cancer lesion and the surrounding mucosa. This difference may allow the early recognition of a lesion, even for less experienced physicians. Moreover, we speculated that the unique color of cancer could be determined by using LCI.
In this study, we investigated the visibility of early gastric cancer in each mode by evaluating the color difference between the cancer lesion and surrounding mucosa. We attempted to determine a cancer's unique color with LCI by measuring the color value of the lesion and surrounding mucosa.
Patients and methods
This study was conducted as a retrospective image analysis study. Patients who were examined using the LASEREO system (FujiFilm Corporation) before they underwent endoscopic submucosal dissection (ESD) at Okayama University Hospital (Okayama City, Japan) and Tsuyama Chuo Hospital (Tsuyama, Japan) from October 2014 to January 2016 were included in this study.
The ethical review boards of Okayama University Hospital and Tsuyama Chuo Hospital approved this retrospective chart review and analysis of the procedural data used in this study.
Instruments
The LASEREO system (Fujifilm, Tokyo, Japan) with an upper gastrointestinal endoscope (EG-L590ZW; Fujifilm) was used in this study. This endoscopy system uses 410-nm and 450-nm narrowband lasers instead of the conventional Xenon lamp, and produces three modes of IEE in addition to the conventional WLI: BLI, BLI-bright, and LCI. The 450-nm wavelength light excites a phosphor in the tip of the scope to produce a wide wavelength light. The 410-nm wavelength light is a narrowband blue light that is strongly absorbed by a red object; therefore, this light is used to enhance red-colored objects. Blue and green information and red information are separately corrected by a charge-coupled device sensor in the tip of the scope. A BLI image consists of the blue and green information from the narrowband blue light illumination and produces red-enhanced images. The BLI-bright mode has sufficient light quantity with narrowband blue light to brighten a wide organ, such as the stomach, while producing a BLI-like image that enhances blood vessels on the surface of the mucosa [22] . An LCI image is acquired by the same illumination as BLI-bright. However, further image processing is carried out so that it has an appearance similar to WLI and that its colors are displayed more vividly (e. g., red is changed to vivid red and white to clear white). The IEE modes can be instantly changed using a button on the endoscopy handle. In this study, the WLI, BLI-bright, and LCI modes were used.
Image acquisition
We captured the early gastric cancer lesion images under the same conditions with WLI, BLI-bright and LCI. The endoscopic images of each lesion were captured carefully from a mid-range distance in WLI, BLI-bright, and LCI modes such that a similar distance and overall lightness were achieved in all the images taken in each mode. The border line of cancer and normal mucosa was captured with magnification in BLI. The images were taken by three expert endoscopists (Okayama University Hospital: HK and YK, Tsuyama Chuo hospital: RT).
Image selection
One image from each mode (i. e., WLI, BLI-bright, and LCI) was selected per lesion (▶ Fig. 1 ). The cases that met any of the following conditions were excluded: an image of a lesion not taken at the mid-range distance in all three IEE modes; an image for which mucosal color analysis was difficult because of an unusual color occupying the dominant area of the region of interest (ROI), such as an attachment of blood or pus or halation and shadow; lesion considered to be primarily an adenoma; lesion larger than 30 mm; and remnant stomach.
Image processing and color analysis
The color processing and analysis was performed with Adobe Photoshop CS4 (Adobe Systems Inc., San Jose, California, United States). The algorithm used to locate the ROI in the selected image is shown in ▶ Fig. 2 . First, the border line between the lesion and surrounding mucosa was drawn on the image in reference to the histological examination of the ESD-resected tissue and many other endoscopic images captured through the procedure including with magnification. Second, an outside line was drawn parallel to the border line; the area enclosed by this line was twice as large as the area enclosed by the border line. Third, an inside line was drawn parallel to the border line; the width between the border line and the inside line was the same as the width between the outside line and the border line. A rectangle was drawn in the center of the lesion along the same illuminance axis with a width 1/4 to 1/3 as large as the width of the lesion. The axis of the rectangle was also set to avoid unusual color areas like shadow in the ROI of the surrounding mucosa. The ROI of the lesion and surrounding mucosa was the area enclosed by these lines. All the WLI, BLI-bright and LCI images underwent this image processing (▶ Fig. 3 ).
Small areas of unusual color due to attachment of mucus, bleeding, or halation were partially excluded from the ROI. The color values of the lesion (L* l, a* l, b* l ) and surrounding mucosa (L* s , a* s , b* s ) were defined as the average of the color value in each ROI using the CIE L*a*b* color space (CIE: Commission Internationale d'Eclairage) developed by the International Commission on Illumination in 1976 [23] (▶ Fig. 4 ). The color value was expressed with the three-dimensional color parameters L* (black to white; range, 0 to + 100), a* (green to red; range, -128 to + 127), and b* (blue to yellow; -128 to + 127). A positive value represented a shift toward white in axis L*, red in axis a*, and yellow in axis b*, which represent all colors visible to the human eye [24, 25] ; in other words, the CIE L*a*b* color model approximates human color perception. The relative perceptual differences between any two colors can be approximated by the color distance between them, as expressed by the CIE L*a*b* color value (i. e., L*, a*, and b*). The color difference between the lesion and surrounding mucosa (ΔE) is expressed by the following equation:
The ΔE is expressed according to the evaluation criterion of the National Bureau of Standards (NBS) units of color difference ( ▶ Table 1 ). The ΔE was converted to NBS units using the following formula [26] : NBS units = ΔE × 0.92.
The ΔE in each mode was calculated and compared to that of WLI. The relationship between the ΔE and background factors of the patients and lesions was investigated in each mode.
The average color value of the lesion and surrounding mucosa was measured and compared in each mode to investigate the cancer's unique color.
Evaluation of background factors
The evaluation of endoscopic atrophy was based on the KimuraTakemoto classification [27] and regarded as mild for C-I and C-II, moderate for C-III and O-I, and severe for O-II and O-III.
ESD was performed for all lesions that were used in this study. Resected specimens were step-sectioned lengthwise at 2-mm intervals [28] and then stained with hematoxylin and eosin for the histological examination. We evaluated the morphologic type, lesion size, histological type, histological assessment of inflammation, atrophy and intestinal metaplasia of the surrounding mucosa, based on the updated Sydney System [29] . A score of 1 or below was classified as mild, and a score of 2 or above was classified as severe. An expert pathologist performed all histological assessments.
To assess patients' Helicobacter pylori (H. pylori) status, at least 2 of the following examinations were performed in all patients: histological evaluation, bacterial culture, urea breath test, and serological H. pylori antibody test. We defined patients with positive H. pylori test results as having present H. pylori status. As H. pylori infection leads to intestinal metaplasia [30] , patients with negative H. pylori test results and intestinal metaplasia in the surrounding mucosa were regarded as being in the post-infection phase. Patients with negative H. pylori test result and no intestinal metaplasia were defined as not infected.
Statistics
All statistical analyses were performed with statistical software (JMP PRO, version 12; SAS Institute Inc., Cary, North Carolina, United States). The relationship between the color difference and background factor in each mode was compared using the Student's t-test. A comparison of the color difference between WLI and the other modes, and the color value between the lesion and the surrounding mucosa was examined using the Wilcoxon signed-rank test. The cut-off point of the color value between the lesion and surrounding mucosa was determined by receiver operator characteristics curve (ROC) analysis. A two-sided P < 0.05 was considered statistically significant.
▶ Fig. 1 Imaging characteristics of the linked color imaging (LCI) and blue laser imaging (BLI)-bright modes.
Results
From October 2014 to January 2016, 101 lesions from 98 patients were examined using the LASEREO system before ESD at Okayama University Hospital and Tsuyama Chuo Hospital by three expert endoscopists. Almost half of the cases were excluded, and that was mainly because of the presence of shadow, halation, or adhesion of blood and pus in the ROI. The images of 43 lesions from 42 patients met our inclusion criteria and were sent for color analysis (▶ Fig. 5) .
The patient and lesion characteristics in this study are shown in ▶ Table 2 . The average ΔE values with WLI, BLI-bright, and LCI were 5.99, 5.04, and 11.02, respectively ( ▶ Table 3 ). The ΔE value with LCI was significantly higher and approximately ▶ Fig. 2 Image processing method used in the current study. a The image of the lesion is prepared, and the area of interest is extracted. b The border line between the lesion and surrounding mucosa was drawn based on the histological examination of the resected tissue using endoscopic submucosal dissection and other endoscopic images captured through the procedure including with magnification. c The inside and outside lines are drawn equidistant from the border line. d A rectangle intersecting the lesion along the minor axis of the stomach is drawn. The regions of interest (ROI) of the lesion and the surrounding mucosa are enclosed within these lines. The color value of the lesion and surrounding mucosa is represented by the average value within each ROI. The color difference between the lesion and surrounding mucosa (ΔE) is the difference between the averaged color value in the ROI of the lesion and the ROI of the surrounding mucosa.
twice that of WLI. Assessment of the color difference, based on the NBS unit, indicated that it was appreciable in WLI and BLIbright, but it was one grade higher (much) in LCI.
We selected lesions for which the ΔE value with WLI was less than 3. There were only seven such lesions; however, the average ΔE of these lesions was approximately three times higher with LCI than with WLI (7.18 vs. 2.25) (▶ Table 4 ). Assessment of the color difference-based NBS unit indicated that it was only noticeable with WLI and BLI-bright, but it was two grades higher (much) with LCI.
The association between the ΔE and background factors in each mode is presented in ▶ Table 5 . The presence of H. pylori infection with BLI-bright and severe intestinal metaplasia of the surrounding mucosa with LCI resulted in a significantly higher ΔE.
The color value of a lesion had a significantly higher score than the surrounding mucosa in axes a* and b* in WLI, axis a* in BLI-bright, and axes a* and b* in LCI. However, the color value of the lesion and surrounding mucosa primarily overlapped (▶ Fig. 6 ). LCI had the most significant difference between the lesion and surrounding mucosa.
▶ Fig. 3 The image of process of color analysis by each mode. WLI, white light imaging; BLI, blue laser imaging; LCI, linked color imaging.
▶ Fig. 4 The CIE L*a*b* color space (CIE: Commission Internationale d'Eclairage). The CIE L*a*b* color space is a color-opponent space with three dimensions: L* (i. e., lightness), a* (i. e., red to green), and b* (i. e., yellow to blue). The color difference between the lesion and surrounding mucosa (i. e., ΔE) is calculated in the L*a*b* space as the distance between 2 points (black double arrow). It approximates the visual differences detected by the human eye.
▶ Table 1 The evaluation criteria of color difference, based on the Na- To detect the unique color value of cancer, we analyzed the cut-off point between the lesion and surrounding mucosa in LCI using ROC analysis. The most suitable points of axis a* and axis b* were > 36.5 and > 18.7, respectively. The sensitivity, specificity, and area under the curve were, respectively, 60.4 %, 76.8%, and 0.71 for axis a*; and 81.4 %, 60.5 %, and 0.71 for axis b*. The sensitivity and specificity of the lesions that met both cutoff points were 51.2 % and 86.0 %, respectively.
Discussion
Identifying morphological changes and color differences between a cancer lesion and surrounding mucosa are two primary factors for detecting early gastric cancer. A characteristic of IEE is the enhancement and change in color. In our study, LCI showed a significantly larger color difference between the lesion and surrounding mucosa, compared to WLI. The color difference in LCI was approximately twice as high as that in WLI. According to the NBS, the average calculated color difference yielded by WLI was considered "appreciable or prominent" while that yielded by LCI was considered "much or excessively marked". For lesions with only "noticeable and below" average calculated color difference, LCI yielded three times greater amplification. We were able to more easily distinguish lesions from the normal mucosa with the additional color contrast provided by LCI. Therefore, LCI might be more useful than WLI for the detection of early gastric cancer.
In our study, no remarkable differences between BLI-bright and WLI were noted. Like NBI, the BLI-bright mode uses narrowband short wavelength light and produces red color-enhanced images. Many studies reported the superiority of cancer detection by NBI in the esophagus [8 -9] . We believe this technology is effective in environments with less color variation such as the esophagus. The components of the color difference between the lesion and surrounding mucosa in WLI consists of two dimensions (a* and b*). Therefore, enhancing only a* (i. e., red) was insufficient to demarcate cancers in the stomach.
LCI enabled better color discrimination when there was high intestinal metaplasia in the surrounding mucosa. There is one ▶ Table 2 Patient and lesion characteristics. report of using LCI to detect intestinal metaplasia [19] . The mucosa with intestinal metaplasia is white in WLI, but lavender in LCI. The color of white is located at the center of axis a* and b*, but lavender has a negative b*-coordinate. Gastric cancer is primarily red, i. e., a positive b*-coordinate. Therefore, the color difference of the lesions with high intestinal metaplasia in the surrounding mucosa of LCI was greater than that of WLI. The BLI-bright mode showed a significantly greater color difference in the presence of H. pylori infection than that post-infection. In cases of post-infection with H. pylori, the background ▶ Fig. 6 Color value of the lesion and surrounding mucosa. Columns L*, a* and b* indicate the color value of each dimension. The subscript "l"
Patient characteristics
and "s" indicate "lesion" and "surrounding mucosa," respectively. WLI, white light imaging; BLI, blue laser imaging; LCI, linked color imaging.
color occasionally changes to red at the site of atrophic mucosa [31] . In our study, there was atrophy in the surrounding mucosa in most cases, and the color of the lesion was potentially red. The BLI-bright mode only enhanced red color information. Thus, in post-infection cases, the color of the surrounding mucosa and lesion were similar in the BLI-bright mode. The smaller ΔE of post-infection cases in BLI-bright mode caused the significant difference. Patients with chronic gastritis had a varicolored mucosa. By using LCI, the mucosa with subtle color differences with the surrounding mucosa may be highlighted. It is speculated that the detection of false-positive lesions (i. e., noncancerous color-enhanced areas) may be increased. In such a situation, magnified endoscopy with BLI or NBI can differentiate cancerous and noncancerous lesions [11 -14] . For the early detection of gastric cancer, recognizing a prospective lesion is important. If a questionable lesion can be detected, the endoscopist can determine if it is a cancerous or noncancerous lesion by using magnified endoscopy with IEE. Therefore, our results may lead to the early recognition of cancerous lesions.
The color value of the lesion was significantly different from that of the surrounding mucosa in each mode. However, the color values of the lesion and surrounding mucosa greatly overlapped. The cut-off color value between the lesion and surrounding mucosa had a low sensitivity and specificity that was insufficient for clinical use, even when using LCI, which showed the largest difference between the lesion and surrounding mucosa. Based on our data, it was difficult to determine the unique color characteristics of gastric cancer. Therefore, the key factor to detecting a cancerous lesion is the color difference between the lesion and surrounding mucosa, not the unique color.
Recently, Suzuki et al. reported the efficacy of LCI for improving the visibility of flat colorectal lesion compared with WLI and BLI. [32] . That study found an improvement in visibility by non-expert endoscopists, unlike BLI. The higher color difference between the lesion and surrounding mucosa might lead to the improvement of visibility even for non-expert endoscopists. The basic and objective data of the present study seem to support this finding.
Our study has several limitations. First, the images could not be stored concurrently in each mode; therefore, the filming conditions were not precisely identical. However, several images were captured for each case and mode, and the most similar images were selected for this study. Second, it was difficult to verify the accuracy of the border line between the lesion and normal mucosa. The resected specimen was step-sectioned at 2-mm intervals and evaluated by an expert pathologist. The pathologist diagnosed the area of cancer and drew a line encircling the cancer area on the photograph of the resected specimen. Moreover, magnified endoscopic images of the border line were stored in all procedures. Based on these images, the border line was drawn. We believe our strategy is sufficient to analyze the border line between the lesion and the surrounding mucosa. Further, we defined the ROI within a certain range and took the average color value within the area, suggesting that the margin of error is acceptable. Third, many lesions were excluded at the point of image selection in this study because of dissimilarity in the photographic conditions in each mode or the number being insufficient for analysis. This factor may have led to a potential selection bias for lesions that were easily photographed from the front. Fourth, only the cases of differentiated type cancers were included in this study. As we only included patients who were scheduled for endoscopic resection, there was a lack of data regarding undifferentiated tumors, which might also represent a selection bias. Finally, the color of early gastric cancer was not always homogeneous. All lesions were biopsied before the procedure. Thus, external factors may have produced some color change. We excluded the areas of erosion and vivid redness caused by the biopsy inside a lesion. Also, we analyzed color not as a point but as an area. We believe the influence of color heterogeneity was thereby reduced.
Conclusion
In conclusion, this study indicates that the color of early gastric cancer lesions differs from the surrounding normal mucosa, but it is not unique. It is therefore difficult to diagnose early gastric cancer by measuring only the color value. LCI produces the most vivid contrast between cancer lesions and the surrounding mucosa. Thus, LCI may facilitate the early and easy recognition of gastric cancer, even by inexperienced endoscopists. To prove the efficacy of LCI for early gastric cancer detection, randomized, controlled clinical trials are needed.
